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Summary
Background.  —  According  to  recent  USA  guidelines,  right  ventricular  (RV)  dysfunction  can  be
diagnosed  on  the  basis  of  a  single  parameter,  such  as  tricuspid  lateral  annular  systolic  velocity
(S’) <  10  cm/s  or  RV  fractional  area  change  (RVFAC)  <  35%.
Abbreviations: ASE, American Society of Echocardiography; AT, Acceleration time; AUC, Area under the curve; IVA, Isovolumic accel-
eration; IVC, Inferior vena cava; IVRT, Isovolumic relaxation time; IVV, Peak isovolumic velocity; MRI, Magnetic resonance imaging; PVR,
Pulmonary vascular resistance; RA, Right atrial; RMPI, Right myocardial performance index; RV, Right ventricle/ventricular; RVEF, Right
ventricular ejection fraction; RVFAC, Right ventricular fractional area change; RVOT, Right ventricular outﬂow tract; S’, Doppler-derived
tricuspid lateral annular systolic velocity; SPAP, Systolic pulmonary artery pressure; TAPSE, Tricuspid annular plane systolic excursion; TDI,
Tissue Doppler imaging; TR, Tricuspid regurgitation; TVI, Time velocity integral.
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Aims.  —  To  assess  these  recommendations  in  a  large  unselected  cohort  of  patients  awaiting
cardiac surgery  and  evaluate  less  validated  RV  function  criteria.
Methods.  —  Among  the  consecutive  patients,  413  were  prospectively  enrolled  and  underwent
comprehensive  echocardiography,  including  S’,  RVFAC  and  other  RV  parameters  (right  myocar-
dial performance  index;  acceleration  time,  isovolumic  velocity  and  isovolumic  acceleration
[IVA]; RV  dP/dt;  isovolumic  relaxation  time;  two-dimensional  [2D]  strain).  We  deﬁned  subgroups
of highly  probable  RV  dysfunction  (S’  <  10  cm/s  and  RVFAC  <  35%)  and  highly  probable  normal  RV
function (S’  ≥  10  cm/s  and  RVFAC  ≥  35%)  as  reference  groups.  Indices  of  preload  and  afterload
were also  recorded.
Results.  —  Of  413  patients,  320  (77.5%)  had  normal  RV  function.  In  93  patients,  S’  and/or
RVFAC were  abnormal;  both  were  abnormal  in  39  (42%)  patients.  Using  our  reference  groups,
IVA ≤  1.8  m/s2 and  basal  2D  strain  ≥  —17%  were  of  most  value  in  diagnosing  RV  dysfunction.  IVA
was least  load  dependent  while  basal  2D  strain  appeared  to  be  afterload  and  preload  dependent.
Conclusion.  —  In  this  large  population,  S’  and  RVFAC  were  sometimes  discrepant,  supporting  the
need for  a  multiparametric  approach  when  evaluating  RV  function.  Among  seven  less  validated
criteria, IVA  and  2D  strain  had  the  best  diagnostic  value.  Unlike  2D  strain,  IVA  was  not  inﬂuenced
by loading  conditions.
©  2014  Elsevier  Masson  SAS.  All  rights  reserved.
MOTS  CLÉS
Fonction
ventriculaire  droite  ;
Fraction  de
raccourcissement  de
surface  du  ventricule
droit  ;
2D  strain  ;
Accélération  de  la
contraction
isovolumique  ;
Indice  de  Tei
Résumé
Contexte.  — Les  récentes  recommandations  américaines  proposent  de  diagnostiquer  la  dys-
fonction ventriculaire  droite  (VD)  sur  au  moins  un  critère  validé  tel  que  le  pic  de  vitesse
systolique  annulaire  tricuspide  (S’)  <  10  cm/s  ou  la  fraction  de  raccourcissement  de  surface  VD
(FRSVD) <  35  %.
Objectifs.  — Le  but  de  notre  étude  a  été  d’évaluer  ces  recommandations  sur  une  large  popu-
lation de  patients  non  sélectionnés  en  attente  de  chirurgie  cardiaque,  et  d’évaluer  d’autres
indices de  fonction  VD  moins  validés.
Méthodes.  —  Parmi  les  patients,  413  ont  bénéﬁcié  d’un  examen  échocardiographique  complet
incluant S’,  FRSVD  et  d’autres  paramètres  VD  non  routiniers  :  indice  de  Tei,  dP/dt  ;  temps
de relaxation  isovolumique  ;  temps  d’accélération,  vitesse  de  la  contraction  isovolumique  et
accélération  de  la  contraction  isovolumique  (IVA)  ;  2D  strain.  Nous  avons  déﬁni  un  sous-groupe  de
patients  ayant  une  forte  probabilité  de  fonction  VD  normale  (S’  ≥  10  cm/s  et  FRSVD  ≥  35  %)  et  un
sous-groupe  ayant  une  forte  probabilité  de  dysfonction  VD  (S’  <  10  cm/s  et  FRSVD  <  35  %)  comme
nos groupes  de  référence.  Les  indices  de  pré-  et  post-charge  ont  également  été  recueillis.
Résultats. —  Parmi  les  413  patients,  320  (77,5  %)  patients  ont  une  fonction  VD  très  probablement
normale (S’  et  FRSVD  normaux).  Chez  93  patients,  S’  et/ou  FRSVD  sont  anormaux  mais  seuls
39 (42  %)  patients  ont  les  2  critères  simultanément  pathologiques.  En  utilisant  nos  groupes  de
référence,  l’IVA  ≤  1,8  m/s2 et  le  2D  strain  basal  ≥  —17  %  ont  la  meilleure  valeur  diagnostique
pour détecter  une  dysfonction  VD.  De  plus,  l’IVA  est  indépendante  des  conditions  de  charge
alors que  le  2D  strain  est  pré-  et  post-charge  dépendant.
Conclusion.  —  Dans  cette  large  population,  S’  et  FRSVD  sont  parfois  discordants  soulignant  la
nécessité d’une  approche  multiparamétrique  pour  évaluer  la  fonction  VD.  Parmi  7  nouveaux
paramètres,  l’IVA  et  le  2D  strain  basal  ont  la  meilleure  valeur  diagnostique.  Contrairement  au
2D strain,  l’IVA  reste  indépendante  des  conditions  de  charge.
© 2014  Elsevier  Masson  SAS.  Tous  droits  réservés.
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mackground
ight  ventricular  (RV)  systolic  dysfunction  has  long  been
ecognized  as  being  of  prognostic  value  in  various  patholog-
cal  conditions.  However,  the  deﬁnition  of  RV  dysfunction
sing  echocardiography  has  evolved  signiﬁcantly  in  recent
ears.  In  the  past,  RV  function  was  assessed  visually,  until
tudies  focusing  on  tricuspid  annular  displacement  demon-
trated  convincing  results  [1,2].  Since  then,  numerous
chocardiography-Doppler  criteria  have  been  proposed  and
r
i
slinical  guidelines  were  published  recently  by  the  Ameri-
an  Society  of  Echocardiography  (ASE)  [3]. The  guidelines
ecommend  performing  and  reporting  at  least  one  of  the
ollowing:  RV  fractional  area  change  (RVFAC);  Doppler-
erived  tricuspid  lateral  annular  systolic  velocity  (S’);
ricuspid  annular  plane  systolic  excursion  (TAPSE);  and  right
yocardial  performance  index  (RMPI).  Among  these  crite-ia,  abnormal  RV  function  should  be  suspected  when  S’
s  <  10  cm/s,  TAPSE  is  <  16  mm,  RVFAC  is  <  35%  or  RMPI  (tis-
ue  Doppler)  is  >  0.55.  As  proposed  by  the  ASE  guidelines,
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‘combining  more  than  one  measure  of  RV  function  may  more
reliably  distinguish  normal  from  abnormal  function’.  Various
combinations  are  possible,  such  as  S’  and  RMPI  [4];  however,
on  the  basis  of  the  quality  of  validation  [3],  the  combination
of  RVFAC  with  S’  is  probably  the  best.
Interestingly,  criteria  evaluating  RV  function  based  on
various  physiological  approaches  are  available,  such  as  iso-
volumic  acceleration  (IVA;  derived  from  peak  isovolumic
velocity  [IVV]  and  acceleration  time  [AT]),  RV  dP/dt  or
two-dimensional  (2D)  peak  longitudinal  strain.  However,
normality  thresholds  are  not  yet  available  or  are  not  fully
validated.  In  addition,  RMPI  using  tissue  Doppler  has  been
validated  less.
The  aim  of  the  present  study  was:  to  describe  the  dis-
tribution  of  well-validated  criteria  (S’,  RVFAC)  in  routine
clinical  practice;  to  evaluate  the  diagnostic  value  of  less
validated  echocardiographic  parameters  (RMPI  using  tissue
Doppler,  IVA,  RV  dP/dt  and  2D  peak  longitudinal  strain);  and
to  study  the  inﬂuence  of  loading  conditions,  as  measured  by
echocardiography,  on  each  parameter.
Methods
Study population
The  study  group  consisted  of  422  patients  recruited  in  the
Department  of  Cardiology  and  Cardiac  Surgery  at  the  Clin-
ique  Saint-Augustin  (Bordeaux,  France).  This  prospective
study  enrolled  patients  awaiting  cardiac  surgery  over  a  5-
month  period.
Nine  patients  (2.1%)  were  excluded  from  all  subsequent
analyses  because  of  inability  to  record  RVFAC  or  S’;  accord-
ingly,  data  from  413  patients  were  analysed.
Using  recently  published  ASE  guideline  thresholds  [3],
patients  were  split  into  three  groups.  Group  1  included
those  with  highly  probable  normal  RV  function  deﬁned
by  S’  ≥  10  cm/s  and  RVFAC  ≥  35%.  Group  2  involved  those
with  probable  RV  dysfunction  deﬁned  by  the  presence  of
one  of  two  criteria:  S’  <  10  cm/s  or  RVFAC  <  35%.  Group
3  included  patients  with  highly  probable  RV  dysfunction
deﬁned  by  the  presence  of  two  criteria:  S’  <  10  cm/s  and
RVFAC  <  35%.  To  test  other  RV  function  parameters,  groups
1  and  3  only  were  used,  due  to  the  high  certainty  of
RV  function  assessment  in  these  groups  (normal  or  abnor-
mal).
The  local  ethics  committee  (CPP-SOO3,  University  of
Bordeaux  2,  France)  approved  the  study  protocol  and  all
included  patients  gave  their  consent.
Echocardiographic studies
Echocardiographic  studies  were  performed  on  a  Vivid7  or
a  VividE9  ultrasound  system  (GE  Vingmed  Ultrasound  SA,
Horten,  Norway)  equipped  with  multifrequency  transducers
(1.5—4  MHz).  All  examinations  were  performed  by  experi-
enced  sonographers,  according  to  ASE  guidelines  [3,5]  the
day  before  the  surgical  procedure,  and  were  stored  on  a
digital  workstation  for  subsequent  off-line  analysis  (EchoPAC
PC,  GE  Vingmed  Ultrasound  SA,  Horten,  Norway).
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chocardiographic measurements of right
entricular function
 modiﬁed  apical  four-chamber  view  focused  on  the  right
entricle  (RV)  was  used  to  measure  RV  area,  by  tracing
he  RV  endocardium  both  in  systole  and  diastole  [3].  RVFAC
%)  was  deﬁned  as  ([end-diastolic  RV  area  —  end-systolic  RV
rea]  /  end-diastolic  RV  area)  ×  100  [6,7].
All  measurements  using  pulsed-wave  tissue  Doppler  imag-
ng  (TDI)  (Fig.  1)  were  performed  in  a  four-chamber  view
ocused  on  the  RV  using  a  tissue  Doppler  mode  with  a  pulsed-
ave  Doppler  sample  volume  placed  in  the  basal  segment  of
he  RV  free  wall.  Special  care  was  taken  to  ensure  optimal
mage  orientation,  to  avoid  underestimation  of  velocities.
he  following  data  were  obtained:  S’  was  deﬁned  as  the  peak
ongitudinal  velocity  of  the  basal  RV  free  wall  [2,8]; isovolu-
ic  relaxation  time  (IVRT)  was  deﬁned  as  the  time  from  the
nd  of  the  ejection  period  (S’)  to  the  beginning  of  tricus-
id  e’  wave;  RMPI  obtained  by  the  TDI  method  (pulsed-wave
elocity  of  the  tricuspid  annulus)  was  deﬁned  as  the  ratio
f  the  sum  of  IVRT  and  isovolumic  contraction  time  divided
y  ejection  time  (S’  duration)  [9];  IVA  (m/s2) was  deﬁned  as
he  IVV  divided  by  the  time  interval  from  onset  of  the  iso-
olumic  wave  to  its  peak  velocity  (acceleration  time  [AT])
10].
RV  dP/dt  (mmHg/s)  was  calculated  by  measuring  the  time
equired  for  the  tricuspid  regurgitation  (TR)  continuous-
ave  Doppler  signal  to  increase  in  velocity  from  0.5  to  2  m/s
11]. Using  the  simpliﬁed  Bernoulli  equation,  dP/dt  was  cal-
ulated  as  15  mmHg  divided  by  this  time.
An  apical  four-chamber  view  used  for  2D  strain  analysis
as  obtained  using  second-harmonic  imaging,  with  fre-
uency,  depth  and  sector  width  adjusted  for  frame-rate
ptimization  (60—100/s).  All  parameters  were  averaged
ver  three  consecutive  beats.  In  postprocessing  analysis,
he  region  of  interest  was  obtained  by  tracing  the  RV  endo-
ardial  borders  at  the  level  of  the  basal  septum,  the  apex
nd  the  basal  free  wall  at  end-systole.  However,  from  this
racing,  we  limited  our  analysis  to  the  basal  segment  for
wo  main  reasons:  strain  measurement  reproducibility  of
he  basal  segment  is  better  than  that  of  the  apical  segment
12], related  to  a  poorer  quality  image;  regional  afterload
eterogeneity  leads  to  conﬂicting  data  between  basal  and
pical  2D  strain  [13,14].  The  longitudinal  myocardial  defor-
ation  (deﬁned  as  the  peak  longitudinal  systolic  strain)  was
xpressed  as  a  percentage  of  the  longitudinal  shortening  of
asal  segment  in  systole  compared  with  in  diastole.
chocardiographic measurements of right
entricular load
V  preload  assessment  included  end-diastolic  RV  area  and
nferior  vena  cava  (IVC)  maximal  and  minimal  diameters
btained  from  a  subcostal  view  at  end-expiration,  after
niff  test  and  quiet  breathing.  The  IVC  collapse  index
%)  was  deﬁned  as  ([maximal  IVC  —  minimal  IVC]  /  maximal
VC)  ×  100.  Maximal  IVC  diameter  and  collapse  index  were
sed  to  assess  preload  according  to  the  ASE  guidelines
3,15]. Normal  right  atrial  (RA)  pressure  (3  mmHg)  was
eﬁned  by  an  IVC  diameter  <  2.1  cm  and  a  collapse  >  50%,
hereas  an  IVC  diameter  >  2.1  cm  that  collapsed  by  <  50%
532  J.  Peyrou  et  al.
Figure 1. Tissue Doppler imaging at the tricuspid annulus, showing that many parameters can be easily measured in the same spectrum
acquisition: peak longitudinal excursion velocity of the basal RV free wall (S’); right myocardial performance index (RMPI); isovolumic
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eelaxation time (IVRT); and isovolumic acceleration (IVA). AT: accel
eak isovolumic velocity.
uggested  high  RA  pressure  (15  mmHg).  RA  area  [16]  was
easured  at  end-systole  (four-chamber  view).
RV  afterload  assessment  included  the  following:
systolic  pulmonary  artery  pressure  (SPAP)  was  determined
from  peak  TR  velocity  using  the  simpliﬁed  Bernoulli  equa-
tion  and  combined  with  an  estimated  RA  pressure  (based
on  the  IVC  collapse  index);
pulmonary  vascular  resistance  (PVR)  was  estimated  using
peak  TR  velocity  and  RV  outﬂow  tract  (RVOT)  time  veloc-
ity  integral  (TVI)  —  the  formula  published  by  Abbas  et  al.
[17]  was  applied,  i.e.  PVR  =  ([peak  TR  velocity  /  RVOT
TVI]  ×  10)  +  0.16;
pulmonary  AT  derived  from  pulsed-wave  Doppler  recor-
dings  was  deﬁned  as  the  time  interval  from  onset  of  the
RVOT  anterograde  ﬂow  to  its  peak  velocity.
eproducibility
wenty-ﬁve  data  sets  were  chosen  randomly  to  assess
ntraobserver  variability  by  repeating  measurements
 weeks  apart  (J.  Peyrou).  Interobserver  agreement  was
ssessed  by  a  second  observer  (M.  Simon)  using  the  same
ata  sets.
tatistical analyses
ontinuous  data  are  expressed  as  means  ±  standard  devi-
tions  and  discrete  parameters  as  absolute  numbers  and
ercentages.  The  groups  were  tested  using  a  Chi2 test  to
ompare  categorical  parameters.  The  clinical  and  echocar-
iographical  data  from  the  patients’  group  were  compared
sing  the  two-sample  Student’s  t  test  or  Wilcoxon’s  rank
um  (Mann-Whitney)  non-parametric  test,  as  appropriate,
ccording  to  the  variance  R  test.  The  relationships  between
dditional  parameters  (RMPI,  dP/dt,  IVRT,  IVV,  AT,  IVA,
d
f
1
fn time; ET: ejection time; IVCT: isovolumic contraction time; IVV:
asal  2D  strain)  and  the  validated  criteria  of  RV  func-
ion  (S’  and  RVFAC)  as  well  as  the  load  dependency  of
arameters  were  tested  by  means  of  Pearson’s  correla-
ion.  Receiver  operating  characteristic  curve  analysis  was
erformed  to  test  the  diagnostic  accuracy  for  discrimi-
ation  between  patients  with  RV  dysfunction  (group  of
atients  with  high  probability  of  RV  dysfunction)  and  those
ith  normal  RV  function,  and  to  determine  optimal  cut-
ff  values.  Intraobserver  and  interobserver  reproducibility
ere  analysed  using  the  Pearson  correlation  coefﬁcient,  the
oncordance  correlation  coefﬁcient  according  to  the  Lin
ethod  and  the  coefﬁcient  of  variability.  All  P  values  were
wo-sided  and  values  <  0.05  were  considered  statistically  sig-
iﬁcant.  All  statistical  analyses  were  performed  using  Stata
oftware  version  11.0  (StataCorp  LP,  College  Station,  TX,
SA).
esults
atient characteristics
our-hundred  and  thirteen  patients  (mean  age
0.3  ±  10.3  years)  were  enrolled,  of  whom  63%  were
waiting  valve  surgery,  49%  coronary  artery  bypass  grafting
nd  3%  other  cardiac  surgery  (myxoma  resection,  atrial  sep-
al  defect  closure,  pericardiectomy,  aortic  dissection  repair,
oarctation  repair).  Thirty-four  patients  (8%)  had  chronic
trial  ﬁbrillation.  Table  1  shows  patients’  characteristics  in
ach  group.
Age,  sex,  blood  pressure  and  cardiovascular  risk  factors
id  not  differ  signiﬁcantly  between  normal  and  RV  dys-
unction  groups.  Compared  with  normal  subjects  (group
),  patients  with  probable  or  highly  probable  RV  dys-
unction  (groups  2  and  3)  had  a  lower  left  ventricular
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Table  1  Characteristics  of  patient  groups.
Variable  Group  1
(normal  RV  function)
(n =  320)
Group  2
(probable  RV
dysfunction)
(n =  54)
Group  3
(highly  probable  RV
dysfunction)
(n  =  39)
Sex-ratio  2.42  2.8  3.2
Age  (years)  70  ±  10.3  72  ±  9.1  71.5  ±  10.7
Cardiovascular  risk  factors
Hypertension  215  (67.2)  30  (55.5)  22  (56.4)
Dyslipidaemia  205  (64.1) 33  (61.1) 19  (48.7)
Overweight  (BMI  >  25  kg/m2) 193  (60.3) 30  (55.5) 24  (61.5)
Tobacco  use 105  (32.8) 16  (29.6) 14  (35.9)
Diabetes  mellitus  598  (18.7)  12  (22.2)  7  (17.9)
Familial  history  23  (7.1)  5  (9.3)  3  (7.7)
Treatment
ACEIs/ARBs  173  (54.1)  29  (53.7)  21  (53.8)
Diuretics  115  (35.9)  26  (48.1)a 24  (61.5)a
Beta-blockers  135  (42.2)  28  (51.8)  22  (56.4)
Calcium  channel  blockers  80  (25.0)  6  (11.1)a 6  (15.4)
Statins  217  (67.8)  34  (63.0)  23  (59.0)
Platelet  inhibitors  188  (58.7)  28  (51.8)  22  (56.4)
Coronary  artery  disease  168  (52.5)  22  (40.7)  22  (56.4)
Severe  valvular  heart  disease
Aortic  stenosis  142  (44.4)  23  (42.6)  18  (46.1)
Aortic  regurgitation  12  (3.7)  1  (1.9)  0  (0)
Mitral  stenosis  11  (3.4)  2  (3.7)  1  (2.5)
Mitral  regurgitation  25  (7.8)  15  (27.8)a 3  (7.7)
Main  surgical  procedures
CABG  168  (52.5)  22  (40.7)  14  (35.9)
Valve  replacement  182  (56.9)  32  (59.2)  17  (43.6)
Valve  repair  23  (7.2)  12  (22.2)a 2  (5.1)
AAA  repair  36  (11.2)  5  (9.2)  2  (5.1)
Data are presented as ratio, mean ± standard deviation or number (%). AAA: ascending aortic aneurysm. ACEI: angiotensin-converting
enzyme inhibitor; ARB: angiotensin receptor blocker; BMI: body mass index; CABG: coronary artery bypass graft; RV: right ventricular.
a Only signiﬁcant P values (< 0.05) are indicated, comparing RV dysfunction groups (group 2 or 3) with normal subjects (group 1).
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fejection  fraction  (65.2  ±  11.3%,  59.9  ±  13.9%  and
50.8  ±  17.3%,  respectively;  P  <  0.001)  and  a  higher  SPAP
(36.6  ±  12.2%,  45.9  ±  19.2%  and  53.8  ±  21.9%,  respectively;
P  <  0.001).
Right ventricular function parameters
Of  413  patients,  320  (77.5%)  had  normal  RV  function
(group  1:  S’  ≥  10  cm/s  and  RVFAC  ≥  35%)  and  93  patients
(22.5%)  had  suspected  RV  dysfunction  (S’  <  10  cm/s  and/or
RVFAC  <  35%).  Among  these  93  patients,  54  (58%)  had
a  discrepancy  between  indices,  suggesting  probable  RV
dysfunction  (group  2:  S’  <  10  cm/s  but  RVFAC  ≥  35%  or
S’  ≥  10  cm/s  but  RVFAC  <  35%)  and  39  patients  had  concord-
ant  indices  suggesting  highly  probable  RV  dysfunction  (group
3:  S’  <  10  cm/s  and  RVFAC  <  35%).
As  shown  in  Table  2,  RMPI,  IVRT,  IVV,  IVA  and  basal  2D
strain  were  statistically  different  between  patients  with  nor-
mal  RV  function  and  patients  with  probable  (group  2)  or
T
f
l
iighly  probable  (group  3)  RV  dysfunction.  dP/dt  and  AT  were
ot  statistically  different.
Receiver  operating  characteristic  curve  analysis  was  per-
ormed  to  calculate  the  best  cut-off  value  to  predict  RV
ystolic  dysfunction  (Table  3, Fig.  2).  The  best  parame-
ers  for  predicting  RV  systolic  dysfunction  were  basal  2D
train  and  IVA.  The  sensitivity  of  these  parameters  was  sim-
lar  (86%)  while  speciﬁcity  was  higher  for  basal  2D  strain
98%).  When  patients  with  atrial  ﬁbrillation  (34  patients)
ere  excluded,  the  statistical  analysis  did  not  change  sig-
iﬁcantly.
orrelation analyses between right ventricular
unction parameters and loading conditionsables  4  and  5  highlight  the  relationship  between  RV
unction  parameters  and  loading  conditions.  IVA  corre-
ated  neither  with  RV  preload  nor  with  RV  afterload
ndices.  Basal  2D  strain  correlated  with  all  RV  preload
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Table  2  Comparison  of  additional  right  ventricular  function  parameters  between  normal  and  ventricular  dysfunction
groups.
Variable  Group  1
(normal  RV  function)
Group  2
(probable  RV
dysfunction)
Group  3
(highly  probable  RV
dysfunction)
Pa Pb
RMPI  (n  =  390)  0.44  ±  0.24  0.58  ±  0.29  0.86  ±  0.47  <  0.001c <  0.001c
dP/dt  (mmHg/s)  (n  =  258)  407  ±  213  380  ±  164  336  ±  133  0.33  0.17
IVRT  (ms)  (n  =  405)  56.7  ±  37.5  75.5  ±  38.2  92.1  ±  42.9  <  0.001c <  0.001c
IVV  (cm/s)  (n  =  347)  11.2  ±  5.1  9.7  ±  9.1  6.7  ±  2.3  0.22  <  0.001c
AT  (ms)  (n  =  351) 43.8  ±  13.2 48.1  ±  16.5 47.4  ±  11.2  0.07  0.29
IVA  (m/s2)  (n  =  347) 2.7  ±  1.1 2.1 ±  1.2 1.5 ±  0.4 <  0.001c <  0.001c
Basal  2D  strain  (%)  (n  =  388) —28.3 ±  8.2 —17.5 ±  6.9 —14.6 ±  4.0 <  0.001c <  0.001c
Data are presented as mean ± standard deviation. 2D: two-dimensional; AT: acceleration time; IVA: isovolumic acceleration; IVRT:
isovolumic relaxation time; IVV: peak isovolumic velocity; RMPI: right myocardial performance index; RV: right ventricular.
a Normal versus group 2.
b Normal versus group 3.
c P value < 0.05.
Table  3  Receiver  operating  characteristic  analysis  of  the  four  signiﬁcantly  relevant  parameters.
Variable  Cut-off  value  Sensitivity  (%)  Speciﬁcity  (%)  AUC
Basal  2D  strain  (%)  (n  =  388)  ≥  —17  86  97  0.95
IVA  (m/s2)  (n  =  347)  ≤  1.8  86  80  0.87
RMPI  (n  =  390)  ≥  0.60  72  80  0.79
IVRT  (ms)  (n  =  405)  ≥  78  68  71  0.76
2D: two-dimensional; AUC: area under the curve; IVA: isovolumic acceleration; IVRT: isovolumic relaxation time; RMPI: right myocardial
performance index.
Table  4  Correlation  between  right  myocardial  performance  index,  isovolumic  relaxation  time,  isovolumic  acceleration,
basal  two-dimensional  strain  and  right  ventricular  loading  conditions.
Variable RMPI  (n  =  390)  IVRT  (n  =  405)  IVA  (n  =  347)  Basal  2D  strain  (n  =  388)
r  P  r  P  r  P  r  P
RV  preload
RV  EDA  —0.082  0.11  —0.067  0.19  0.07  0.19  0.18  0.03a
Maximal  IVC  —0.059  0.25  0.069  0.18  —0.1  0.07  0.28  0.001a
IVC  collapse  index  0.097  0.06  —0.04  0.42  —0.008  0.89  —0.22  0.01a
RA  area  0.077  0.13  0.11  0.03a —0.03  0.59  0.25  0.002a
RV  afterload
SPAP  0.027  0.65  0.15  0.012a —0.005  0.94  0.16  0.10
PAT  —0.022  0.67  —0.091  0.07  —0.086  0.12  —0.14  0.09
PVR  0.19  0.002a 0.201  <  0.001a —0.036  0.58  0.23  0.01a
2D: two-dimensional; EDA: right ventricular end-diastolic area; IVA: isovolumic acceleration; IVC: inferior vena cava; IVRT: isovolumic
relaxation time; PAT: pulmonary acceleration time; PVR: pulmonary vascular resistance; RMPI: right myocardial performance index; RA:
right atrium; RV: right ventricular; SPAP: systolic pulmonary arterial pressure.
a P value < 0.05.
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Farameters  and  with  PVR.  There  was  a  signiﬁcant  pos-
tive  correlation  between  IVRT  and  RA  area  but  not
ith  other  preload  parameters.  IVRT  was  also  corre-
ated  with  RV  afterload  parameters,  such  as  SPAP  and
VR.
R
T
teasibilityV  function  parameters
he  feasibilities  of  S’  and  RVFAC  were  99.3%  and  98%,  respec-
ively  (S’  could  not  be  evaluated  in  three  patients  due  to
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Table  5  Correlation  between  Doppler-derived  tricuspid  lateral  annular  systolic  velocity,  right  ventricular  fractional  area
change,  age  and  right  ventricular  loading  conditions.
Variable  S’  (n  =  410)  RVFAC  (n  =  405)
r  P  r  P
Age  —0.09 0.09  —0.02 0.75
RV  preload
RV EDA  0.06  0.23  —0.023  0.64
Maximal  IVC  —0.04  0.44  —0.09  0.07
IVC  collapse  index  0.028  0.59  0.186  <  0.001a
RA  area  —0.10  0.04a —0.09  0.08
RV  afterload
SPAP  —0.134  0.023a —0.21  <  0.01a
PAT  0.072  0.16  0.03  0.56
PVR  —0.236  0.001a —0.31  <  0.001a
EDA: right ventricular end-diastolic area; IVC: inferior vena cava; PAT: pulmonary acceleration time; PVR: pulmonary vascular resistance;
RV: right ventricular; RVFAC: right ventricular fractional area change; S’: Doppler-derived tricuspid lateral annular systolic velocity;
SPAP: systolic pulmonary arterial pressure.
a P value < 0.05.
Figure 2. Receiver operating characteristic analysis of right
myocardial performance index (RMPI), isovolumic relaxation time
(IVRT), isovolumic acceleration (IVA) and basal two-dimensional
(2D) strain. 2D strain (purple line) and IVA (orange line) had the
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•best discriminative value for identifying RV dysfunction, while RMPI
and IVRT displayed acceptable values. AUC: area under the curve.
poor-quality  TDI  peak  signal  velocity;  RVFAC  could  not  be
measured  in  eight  patients  due  to  poor  echocardiographical
window,  artefacts  and  reverberation).
RMPI,  IVRT,  IVV,  AT,  IVA  could  be  measured  in  94.6%,
98%,  84%,  85%  and  84%  of  patients,  respectively.  In  25
patients  (6.1%),  basal  2D  strain  was  not  measurable  due  to
non-accurate  tracking.dP/dt  could  not  be  measured  in  155
patients  (37.5%),  mainly  due  to  suboptimal  TR  Doppler  signal
velocity  with  incomplete  initial  slope.Loading  conditions  parameters
Peak  TR  could  not  be  measured  in  116  patients  (28%),
mainly  due  to  poor  quality  of  continuous-wave  Doppler
t
R
tignal  velocity.  When  measurable,  TR  was  mild  in  98%,  mod-
rate  in  1.5%  and  severe  in  0.5%  of  patients.
End-diastolic  RV  area,  maximal  IVC,  IVC  collapse  index
nd  RA  area  were  measurable  in  95.4%,  96%,  95.1%  and  99.7%
f  patients,  respectively.
ntraobserver and interobserver
eproducibility
nterobserver  and  intraobserver  reproducibilities  were  high
or  S’,  RMPI,  IVA,  and  2D  strain  (Tables  6  and  7).  More-
ver,  the  concordance  of  reproducibility  showed  a  close
greement  between  intraobserver  and  interobserver  mea-
urements  for  S’,  RMPI,  IVA  and  2D  strain.  Interobserver  and
ntraobserver  correlation  was  lower  for  RVFAC  (r  =  0.66  and
.78  respectively;  both  P  =  0.001)  with  coefﬁcients  of  varia-
ion  of  8.6%  and  7.4%,  respectively.
iscussion
n  our  large  prospective  study  focusing  on  RV  function,  the
ain  results  were  as  follows:
S’  and  RVFAC  were  concordantly  impaired  in  only  39
patients,  while  54  patients  fulﬁlled  one  impaired  param-
eter  out  of  the  two;
among  newer  parameters,  we  found  that  IVA  ≤  1.8  m/s2
(sensitivity  86%,  speciﬁcity  80%)  and  basal  2D
strain  ≥  —17%  (sensitivity  86%,  speciﬁcity  97%)  had
the  best  diagnostic  value  for  diagnosing  RV  dysfunction;
IVA  was  not  signiﬁcantly  inﬂuenced  by  loading  conditions,
while  basal  2D  strain  was  both  preload  and  afterload
dependent.Recent  guidelines  [3]  recommend  the  systematic  repor-
ing  of  at  least  one  of  these  parameters:  TAPSE,  S’  and
VFAC  with  or  without  RMPI.  As  stated  in  the  recommenda-
ions,  S’  <  10  cm/s  and/or  RVFAC  <  35%  should  raise  suspicion
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Table  6  Interobserver  reproducibility.
Coefﬁcient  of  variation  Correlation  coefﬁcient  Concordance  correlation  coefﬁcient
r  P  rho  c  95%  CI  P
S’  (n  =  410) 2.5%  0.92  <  0.001  0.91  0.84—0.98  <  0.001
RVFAC  (n  =  405)  8.6%  0.66  <  0.001  0.64  0.41—0.87  <  0.001
RMPI  (n  =  390)  4.9%  0.84  <  0.001  0.83  0.70—0.96  <  0.001
IVRT  (n  = 405)  7.4%  0.79  <  0.001  0.66  0.48—0.84  <  0.001
dP/dt  (n  =  258)  7.9%  0.78  <  0.001  0.78  0.57—0.98  <  0.001
IVA  (n  =  347)  1.9%  0.96  <  0.001  0.96  0.92—0.99  <  0.001
Basal  2D  strain  (n  =  388)  3.4%  0.87  <  0.001  0.85  0.74—0.96  <  0.001
2D: two-dimensional; CI: conﬁdence interval; IVA: isovolumic acceleration; IVRT: isovolumic relaxation time; r: Pearson’s correlation
coefﬁcient; rho c: Lin’s concordance correlation coefﬁcient; RMPI: right myocardial performance index; RVFAC: right ventricular
fractional area change; S’: Doppler-derived tricuspid lateral annular systolic velocity.
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Rf  abnormal  RV  function,  particularly  in  a  young  adult.  TAPSE
nd  S’  measure  the  same  phenomenon  —  the  longitudinal
isplacement  of  the  tricuspid  annulus  —  using  two  different
echniques.  In  the  present  study,  to  avoid  redundancy,  we
sed  only  S’,  as  it  appeared  more  reproducible  than  TAPSE
nd  more  easily  recordable.  In  addition,  S’  is  best  corre-
ated  to  RVEF  by  magnetic  resonance  imaging  (MRI)  than
APSE  [6].  We  found  that  S’  and  RVFAC  were  highly  feasible
≥  98%).  Interobserver  and  intraobserver  reproducibility  was
etter  for  S’  (2.5%  and  2.7%)  than  for  RVFAC  (8.6%  and  7.4%).
owever,  RVFAC  reproducibility  is  sufﬁcient  to  allow  clin-
cal  application,  as  currently  recommended  by  guidelines
egarding  extensive  studies.  Surprisingly,  S’  and  RVFAC  were
iscordant  in  13%  of  patients;  these  apparent  discrepancies
ould  be  explained  mainly  by  the  fact  that  these  indices  are
ore  complementary  than  similar:  S’  is  a  regional  param-
ter  while  RVFAC  is  more  global;  S’  explores  longitudinal
unction  while  RVFAC  is  more  global;  S’  can  deteriorate  due
o  initial  subclinical  myocardial  damage  before  any  RV  ejec-
ion  fraction  (RVEF)  impairment  [18];  S’  and  RVFAC  can  be
odiﬁed  differently  by  load  [19]  —  in  the  present  study,  S’
as  found  to  be  afterload  dependent  while  RVFAC  was  both
reload  and  afterload  dependant;  S’  has  a  low  diagnostic
alue  when  there  is  severe  TR  [20],  but  in  our  study,  TR  was
o
p
p
Table  7  Intraobserver  reproducibility.
Coefﬁcient  of
variation
Correlation  co
r  P  
S’  (n  =  410)  2.7%  0.89  <  0.00
RVFAC  (n  =  405)  7.4%  0.78  <  0.00
RMPI  (n  =  390)  4.4%  0.87  <  0.00
IVRT  (n  = 405) 5.5%  0.88  <  0.00
dP/dt  (n  =  258)  7.7%  0.80  <  0.00
IVA  (n  =  347) 2.1%  0.94  <  0.00
Basal  2D  strain  (n  =  388) 3.9%  0.83  <  0.00
2D: two-dimensional; CI: conﬁdence interval; IVA: isovolumic acceler
coefﬁcient; rho c: Lin’s concordance correlation coefﬁcient; RMPI: 
fractional area change; S’: Doppler-derived tricuspid lateral annular syrivial  or  mild  in  98%  of  our  patients;  conﬂicting  data  exist
oncerning  possible  physiological  diminution  of  S’  amplitude
ith  age,  but  in  the  present  study  we  found  no  signiﬁcant
elationship  between  age  and  S’  or  RVFAC  (Table  5).  These
iscrepancies  emphasize  the  limitations  of  a  single  parame-
er  approach  to  identifying  RV  systolic  dysfunction,  leading
o  an  incorrect  evaluation  in  a  majority  of  cases.  A  combi-
ation  of  echocardiographical  criteria  appears  mandatory,
articularly  when  RVFAC  and  S’  are  discordant,  highlighting
he  need  to  use  additional  parameters.
Additional  parameters  for  estimation  of  RV  function
RMPI,  IVRT,  dP/dt,  IVA  and  2D  strain)  have  been  described
n  the  literature  and  highlighted  in  recent  guidelines.  Their
se  relies  on  data  arising  from  single-centre  studies  that
ncluded  a  small  number  of  patients,  explaining  the  lack
f  well-validated  thresholds  as  yet.  These  validation  stud-
es  were  based  on  various  reference  methods:  scintigraphy,
chocardiography  and  MRI.  In  our  study,  echocardiography
as  preferred  to  MRI  as  the  reference  method  for  various
easons:  validated  guidelines  for  S’  and  RVFAC  are  available;
V  function  in  daily  practice  is  evaluated  using  echocardi-
graphy  in  a  large  majority  of  cardiology  wards,  MRI  use  in
ractice  is  limited  by  availability  and  cost;  echocardiogra-
hy  allows  the  study  of  many  complementary  physiological
efﬁcient  Concordance  correlation  coefﬁcient
rho  c  95%  CI  P
1  0.89  0.81—0.98  <  0.001
1  0.75  0.59—0.92  <  0.001
1  0.86  0.76—0.96  <  0.001
1  0.77  0.65—0.89  <  0.001
1  0.80  0.71—0.99  <  0.001
1  0.94  0.89—0.98  <  0.001
1  0.81  0.67—0.94  <  0.001
ation; IVRT: isovolumic relaxation time; r: Pearson’s correlation
right myocardial performance index; RVFAC: right ventricular
stolic velocity.
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IEchocardiographic  assessment  of  right  ventricular  systolic  fu
aspects  of  RV  function  (longitudinal  or  global  function,  iso-
volumic  period  and  deformation),  while  the  MRI  approach
is  limited  to  RVEF;  our  study  is  instantaneous,  while  stud-
ies  using  MRI  are  not  usually  performed  on  the  same  day
(this  point  is  particularly  important  as  it  is  well  known
that  load  variations  modify  RVEF  whatever  the  technique
of  measurement  applied);  echocardiography  can  simulta-
neously  evaluate  loading  conditions  and  function  in  contrast
to  MRI;  RVEF  measurement  using  MRI  is  at  least  as  challeng-
ing  as  echocardiography  and  many  questions  are  not  still
standardized  (do  we  have  to  include  valvular  plane  in  the
measurement?  What  about  apical  trabeculations?  Which  pro-
tocol  of  acquisition  [short-axis  or  long-axis]?  Are  different
manufacturers’  software  packages  equivalent  for  calculat-
ing  RV  volumes  and  RVEF?).  MRI  studies  illustrate  these
limitations:  in  an  interstudy  reproducibility  work  [21],  MRI
showed  a  variation  of  8.3%  (4.3—10.4%)  for  RVEF  measure-
ment  and  14.1%  (8.1—18.1%)  for  end-systolic  volume.  In  the
literature,  the  interobserver  coefﬁcient  of  variation  of  RVEF
measurement  has  been  found  to  be  up  to  10.7%  [22]  and  can
increase  to  16%  in  particular  situations  [23].  For  all  these
reasons,  echocardiography  was  preferred  to  MRI  to  deﬁne
our  reference  method  according  to  guidelines  [3].
In  our  study  involving  413  patients,  parameters  derived
from  pulsed-wave  TDI  (IVA,  RMPI,  IVRT)  and  2D  strain  dis-
criminated  normal  RV  function  from  RV  dysfunction  with  a
sensitivity  ranging  from  68%  to  86%  and  a  speciﬁcity  ranging
from  71%  to  98%.  Basal  RV  2D  strain  and  IVA  had  the  best
diagnostic  value  (area  under  the  curve  [AUC]  0.95  and  0.86,
respectively).
Initially  described  by  Vogel  et  al.  [10]  as  an  index  of  RV
contractile  function,  IVA  has  also  been  validated  as  a  pro-
gnostic  parameter  in  various  studies  [24—27].  In  our  study,
IVA  was  largely  feasible  (84%)  and  highly  reproducible,  as
shown  by  Tayyareci  et  al.  [24].  Our  cut-off  value  of  1.8  m/s2
(2.2  m/s2 in  the  study  by  Vogel  et  al.)  discriminated  patients
with  RV  dysfunction  from  normal  patients,  with  a  sensitivity
of  86%  and  speciﬁcity  of  80%  (AUC  0.86).
The  RV  2D  strain  study  was  deliberately  limited  to  the
basal  segment  in  our  analysis,  as  described  in  the  methods.
Highly  feasible  and  reproducible,  a  cut-off  value  of  —17%
(AUC  0.95)  had  a  sensitivity  of  86%  and  a  speciﬁcity  of  98%
for  detecting  RV  dysfunction.  In  the  literature,  global  longi-
tudinal  strain  using  RVFAC  as  a  gold  standard  [28]  has  been
validated  with  a  similar  value  (—16%).  Moreover,  in  a  pop-
ulation  of  patients  referred  for  cardiac  surgery,  RV  global
longitudinal  strain  was  shown  to  have  prognostic  value,  using
a  threshold  of  —21%  [29,30].
RMPI  measurement  was  highly  feasible  (95.4%)  and  repro-
ducible,  with  a  cut-off  value  of  RMPI  ≥  0.60  allowing  an
acceptable  discrimination  (AUC  0.79)  to  predict  RV  dys-
function  with  a  speciﬁcity  of  80%.  These  ﬁndings  are  in
agreement  with  the  recent  guidelines,  which  propose  a  cut-
off  value  of  0.55.
A  reliable  index  of  RV  contractility  should  be  as  little
load  dependant  as  possible.  In  our  study,  IVA  was  found
to  be  the  least  load-dependent,  adding  to  its  interesting
diagnostic  value.  These  results  are  in  accordance  with  physi-
ology  (isovolumic  contraction  period  is  known  to  be  less  load
dependent)  and  prior  clinical  studies  [10,19].  On  the  other
hand,  basal  2D  strain  appeared  to  be  afterload  and  preload
dependent.  Although  afterload  dependency  is  in  accordance
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ith  prior  studies  [13,31—33],  we  also  found  a  signiﬁcant
ecrease  in  basal  2D  strain  with  increased  preload,  which
as  not  been  reported  in  the  literature,  to  our  knowledge,
xcept  in  athletes  [34].
In  the  present  study,  RMPI  was  also  found  to  be  afterload
ependent,  mainly  due  to  prolongation  of  IVRT,  whereas  no
hanges  could  be  identiﬁed  with  increased  preload,  which
s  in  agreement  with  the  ﬁndings  of  Kjaergaard  et  al.  [19].
his  might  be  due  to  its  heightened  load  dependency,  as  we
emonstrated,  with  a  signiﬁcant  correlation  between  IVRT
nd  SPAP,  PVR  and  RA  area.  These  ﬁndings  are  consistent
ith  the  results  of  Lindqvist  et  al.  [35],  who  found  that
VRT  was  also  a  marker  of  right  pressure,  with  a  signiﬁcant
orrelation  with  SPAP  and  RA  pressure.
tudy limitations
ur  results  were  not  validated  against  MRI,  which  is  regarded
s  the  gold  standard  for  RV  function  assessment.  Aside
rom  the  limitations  discussed,  previous  studies  have  already
ealt  with  this  issue  [6,36]. Consequently,  we  intentionally
ocused  our  evaluation  on  the  use  of  recent  echocardiogra-
hic  guidelines  that  are  applied  widely  in  everyday  practice.
RA  area  as  a  marker  of  preload  could  be  questionable  in
hronic  atrial  ﬁbrillation  and/or  with  signiﬁcant  TR.  In  our
tudy,  34  patients  (8%)  had  chronic  atrial  ﬁbrillation.  When
hese  patients  were  excluded,  the  statistical  analysis  did  not
hange  signiﬁcantly.  Similarly,  98%  of  patients  had  only  mild
R.
Although  IVRT  is  a  diastolic  parameter,  it  was  evaluated  in
he  present  work  as  a  systolic  marker.  As  myocardial  function
eteriorates,  ejection  time  is  shortened  and  IVRT  is  length-
ned.  Indices  of  left  ventricular  systolic  function  and  IVRT
re  strongly  related  [37]. Moreover,  IVRT  is  an  integral  part
f  the  right  myocardial  performance  index  that  reﬂects  the
lobal  function  of  the  RV.
Assessing  PVR  is  questionable  in  patients  with  RV  dysfunc-
ion,  as  it  has  not  been  studied  in  this  speciﬁc  population.
owever,  patients  with  RV  dysfunction  have  been  included
n  different  studies  dealing  with  this  issue  [17,38].
The  receiver  operating  characteristic  analyses  were  per-
ormed  in  the  same  population  of  patients  used  to  derive  RV
ysfunction  thresholds.  Further  studies  are  therefore  nec-
ssary  to  further  validate  the  performance  of  the  various
ut-off  levels.  We  used  EchoPAC  software  for  2D  strain  anal-
sis,  although  this  programme  has  not  yet  been  validated
or  RV  strain.  We  did  not  evaluate  three-dimensional  volu-
etric  echocardiography  for  RVEF  measurement,  which  has
een  recently  proposed  but  not  recommended  for  routine
se  by  recent  guidelines.  Finally,  evaluation  of  clinical  out-
ome  was  not  included  in  our  study,  but  is  part  of  an  ongoing
nalysis  to  assess  the  short-  and  long-term  clinical  prognostic
alue  of  these  parameters.
onclusion
n  a large  population  of  413  patients,  RVFAC  and  S’,  validated
n  recent  ASE  guidelines  for  the  diagnosis  of  RV  dysfunction,
ere  sometimes  discordant.  For  this  reason,  a single  param-
ter  cannot  be  used  to  characterize  RV  function.  Among
even  other  parameters,  we  found  that  IVA  and  basal  2D
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train  both  had  good  diagnostic  value.  Moreover,  unlike  2D
train,  IVA  was  not  inﬂuenced  by  loading  conditions,  which
dds  to  its  diagnostic  value.  Including  these  parameters  in
 multiparametric  approach  could  improve  the  diagnostic
ccuracy  of  RV  dysfunction  detection.
isclosure of interest
he  authors  declare  that  they  have  no  conﬂicts  of  interest
oncerning  this  article.
eferences
[1] Samad BA, Alam M, Jensen-Urstad K. Prognostic impact of
right ventricular involvement as assessed by tricuspid annu-
lar motion in patients with acute myocardial infarction. Am J
Cardiol 2002;90:778—81.
[2] Vinereanu D, Khokhar A, Fraser AG. Reproducibility of pulsed
wave tissue Doppler echocardiography. J Am Soc Echocardiogr
1999;12:492—9.
[3] Rudski LG, Lai WW, Aﬁlalo J, et al. Guidelines for the echocardi-
ographic assessment of the right heart in adults: a report from
the American Society of Echocardiography endorsed by the
European Association of Echocardiography, a registered branch
of the European Society of Cardiology, and the Canadian Society
of Echocardiography. J Am Soc Echocardiogr 2010;23:685—713
[quiz 86-8].
[4] Miller D, Farah MG, Liner A, Fox K, Schluchter M, Hoit BD. The
relation between quantitative right ventricular ejection frac-
tion and indices of tricuspid annular motion and myocardial
performance. J Am Soc Echocardiogr 2004;17:443—7.
[5] Lang RM, Bierig M, Devereux RB, et al. Recommendations for
chamber quantiﬁcation: a report from the American Society of
Echocardiography’s Guidelines and Standards Committee and
the Chamber Quantiﬁcation Writing Group, developed in con-
junction with the European Association of Echocardiography,
a branch of the European Society of Cardiology. J Am Soc
Echocardiogr 2005;18:1440—63.
[6] Anavekar NS, Gerson D, Skali H, Kwong RY, Yucel EK, Solomon
SD. Two-dimensional assessment of right ventricular function:
an echocardiographic-MRI correlative study. Echocardiography
2007;24:452—6.
[7] Kaul S, Tei C, Hopkins JM, Shah PM. Assessment of right ven-
tricular function using two-dimensional echocardiography. Am
Heart J 1984;107:526—31.
[8] Meluzin J, Spinarova L, Bakala J, et al. Pulsed Doppler tissue
imaging of the velocity of tricuspid annular systolic motion; a
new, rapid, and non-invasive method of evaluating right ven-
tricular systolic function. Eur Heart J 2001;22:340—8.
[9] Tei C, Dujardin KS, Hodge DO, et al. Doppler echocardiographic
index for assessment of global right ventricular function. J Am
Soc Echocardiogr 1996;9:838—47.
10] Vogel M, Schmidt MR, Kristiansen SB, et al. Validation of
myocardial acceleration during isovolumic contraction as a
novel noninvasive index of right ventricular contractility: com-
parison with ventricular pressure-volume relations in an animal
model. Circulation 2002;105:1693—9.
11] Anconina J, Danchin N, Selton-Suty C, et al. [Measurement of
right ventricular dP/dt. A simultaneous/comparative hemody-
namic and Doppler echocardiographic study]. Arch Mal Coeur
Vaiss 1992;85:1317—21.
12] Teske AJ, Prakken NH, De Boeck BW, et al. Echocardi-
ographic tissue deformation imaging of right ventricular
[J.  Peyrou  et  al.
systolic function in endurance athletes. Eur Heart J 2009;30:
969—77.
13] Dambrauskaite V, Delcroix M, Claus P, et al. Regional right ven-
tricular dysfunction in chronic pulmonary hypertension. J Am
Soc Echocardiogr 2007;20:1172—80.
14] Kittipovanonth M, Bellavia D, Chandrasekaran K, Villarraga
HR, Abraham TP, Pellikka PA. Doppler myocardial imag-
ing for early detection of right ventricular dysfunction in
patients with pulmonary hypertension. J Am Soc Echocardiogr
2008;21:1035—41.
15] Kircher BJ, Himelman RB, Schiller NB. Noninvasive estimation
of right atrial pressure from the inspiratory collapse of the
inferior vena cava. Am J Cardiol 1990;66:493—6.
16] Do DH, Therrien J, Marelli A, Martucci G, Aﬁlalo J, Sebag
IA. Right atrial size relates to right ventricular end-diastolic
pressure in an adult population with congenital heart disease.
Echocardiography 2011;28:109—16.
17] Abbas AE, Fortuin FD, Schiller NB, Appleton CP, Moreno CA,
Lester SJ. A simple method for noninvasive estimation of pul-
monary vascular resistance. J Am Coll Cardiol 2003;41:1021—7.
18] Nguyen T, Cao L, Movahed A. Altered right ventricular contrac-
tile pattern after cardiac surgery: monitoring of septal function
is essential. Echocardiography 2014.
19] Kjaergaard J, Snyder EM, Hassager C, Oh JK, Johnson BD.
Impact of preload and afterload on global and regional right
ventricular function and pressure: a quantitative echocardiog-
raphy study. J Am Soc Echocardiogr 2006;19:515—21.
20] Hsiao SH, Lin SK, Wang WC, Yang SH, Gin PL, Liu CP. Severe
tricuspid regurgitation shows signiﬁcant impact in the relation-
ship among peak systolic tricuspid annular velocity, tricuspid
annular plane systolic excursion, and right ventricular ejection
fraction. J Am Soc Echocardiogr 2006;19:902—10.
21] Grothues F, Moon JC, Bellenger NG, Smith GS, Klein HU, Pen-
nell DJ. Interstudy reproducibility of right ventricular volumes,
function, and mass with cardiovascular magnetic resonance.
Am Heart J 2004;147:218—23.
22] Hudsmith LE, Petersen SE, Francis JM, Robson MD, Neubauer S.
Normal human left and right ventricular and left atrial dimen-
sions using steady state free precession magnetic resonance
imaging. J Cardiovasc Magn Reson 2005;7:775—82.
23] Bonnemains L, Mandry D, Marie PY, Micard E, Chen B, Vuis-
soz PA. Assessment of right ventricle volumes and function by
cardiac MRI: quantiﬁcation of the regional and global interob-
server variability. Magn Reson Med 2012;67:1740—6.
24] Tayyareci Y, Nisanci Y, Umman B, et al. Early detection of
right ventricular systolic dysfunction by using myocardial accel-
eration during isovolumic contraction in patients with mitral
stenosis. Eur J Echocardiogr 2008;9:516—21.
25] Toyono M, Harada K, Tamura M, Yamamoto F, Takada G. Myocar-
dial acceleration during isovolumic contraction as a new index
of right ventricular contractile function and its relation to pul-
monary regurgitation in patients after repair of tetralogy of
Fallot. J Am Soc Echocardiogr 2004;17:332—7.
26] Tugcu A, Guzel D, Yildirimturk O, Aytekin S. Evaluation of
right ventricular systolic and diastolic function in patients with
newly diagnosed obstructive sleep apnea syndrome without
hypertension. Cardiology 2009;113:184—92.
27] Vogel M, Derrick G, White PA, et al. Systemic ventricular func-
tion in patients with transposition of the great arteries after
atrial repair: a tissue Doppler and conductance catheter study.
J Am Coll Cardiol 2004;43:100—6.
28] Meris A, Faletra F, Conca C, et al. Timing and magnitude of
regional right ventricular function: a speckle tracking-derived
strain study of normal subjects and patients with right ventri-
cular dysfunction. J Am Soc Echocardiogr 2010;23:823—31.29] Ternacle J, Berry M, Alonso E, et al. Incremental value of global
longitudinal strain for predicting early outcome after cardiac
surgery. Eur Heart J Cardiovasc Imaging 2013;14:77—84.
ncti
[
[
[Echocardiographic  assessment  of  right  ventricular  systolic  fu
[30] Ternacle J, Berry M, Cognet T, et al. Prognostic value of right
ventricular two-dimensional global strain in patients referred
for cardiac surgery. J Am Soc Echocardiogr 2013;26:721—6.
[31] Borges AC, Knebel F, Eddicks S, et al. Right ventricular function
assessed by two-dimensional strain and tissue Doppler echocar-
diography in patients with pulmonary arterial hypertension and
effect of vasodilator therapy. Am J Cardiol 2006;98:530—4.
[32] Pirat B, McCulloch ML, Zoghbi WA. Evaluation of global and
regional right ventricular systolic function in patients with pul-
monary hypertension using a novel speckle tracking method.
Am J Cardiol 2006;98:699—704.
[33] Sugiura E, Dohi K, Onishi K, et al. Reversible right ventricular
regional non-uniformity quantiﬁed by speckle-tracking strain
imaging in patients with acute pulmonary thromboembolism. J
Am Soc Echocardiogr 2009;22:1353—9.
[34] D’Andrea A, Caso P, Bossone E, et al. Right ventri-
cular myocardial involvement in either physiological or
[on  539
pathological left ventricular hypertrophy: an ultrasound
speckle-tracking two-dimensional strain analysis. Eur J
Echocardiogr 2010;11:492—500.
35] Lindqvist P, Waldenstrom A, Wikstrom G, Kazzam E. Right ven-
tricular myocardial isovolumic relaxation time and pulmonary
pressure. Clin Physiol Funct Imaging 2006;26:1—8.
36] Sade LE, Gulmez O, Ozyer U, Ozgul E, Agildere M, Muderrisoglu
H. Tissue Doppler study of the right ventricle with a multiseg-
mental approach: comparison with cardiac magnetic resonance
imaging. J Am Soc Echocardiogr 2009;22:361—8.
37] Burwash IG, Otto CM, Pearlman AS. Use of Doppler-derived
left ventricular time intervals for noninvasive assessment of
systolic function. Am J Cardiol 1993;72:1331—3.38] Haddad F, Zamanian R, Beraud AS, et al. A novel non-invasive
method of estimating pulmonary vascular resistance in patients
with pulmonary arterial hypertension. J Am Soc Echocardiogr
2009;22:523—9.
